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1996b). By employing a similar genetic strategy, evi-
dence was also provided that the OR itself is intimately
involved in guiding axons to their appropriate glomeruli
(Mombaerts et al., 1996a; Wang et al., 1998; see also
Rodriguez et al., 1999). The concept of the glomerulus
Chen Zheng, Paul Feinstein, Thomas Bozza,
Ivan Rodriguez, and Peter Mombaerts*
The Rockefeller University
1230 York Avenue
New York, New York 10021
as a convergent site of axonal projections from OSNs
expressing a given OR supports a model of olfactory
coding in which odor quality is encoded by a specificSummary
combination of activated glomeruli (reviewed in Buck,
1996; Hildebrand and Shepherd, 1997; Mori et al., 1999).Axons of olfactory sensory neurons expressing a given
The development of sensory projections is generallyodorant receptor converge to a few glomeruli in the
thought to result from a sequential operation of activity-olfactory bulb. We have generated mice with unre-
independent and activity-dependent mechanisms: asponsive olfactory sensory neurons by targeted muta-
coarse-grained map is further refined and remodeled asgenesis of a cyclic nucleotide±gated channel sub-
a result of correlated activity (Goodman and Shatz, 1993;unit gene, OCNC1. When these anosmic mice were
Katz and Shatz, 1996). The term ªactivityº encompassescrossed with mice in which neurons expressing a given
both stimulus-evoked and spontaneous neuronal activ-odorant receptor can be visualized by coexpression
ity. Most research in this area has been carried out inof an axonal marker, the pattern of convergence was
the visual system. The mapping problem in the olfactoryaffected for one but not another receptor. In a novel
sensory projection is qualitatively different from that inparadigm, termed monoallelic deprivation, axons from
the visual system, where nearest neighbor relationshipschannel positive or negative neurons that express the
are maintained between the peripheral sensory sheetsame odorant receptor segregate into distinct glomer-
and the central targets (for a recent review see O'Learyuli within the same bulb. Thus, the peripheral olfactory
et al., 1999). By contrast, OSNs whose cell bodies areprojections are in part influenced by mechanisms that
located adjacent to each other in the epithelium do notdepend on neuronal activity.
necessarily project their axons to adjacent sites in the
bulb. Spatial patterns of spontaneous neuronal activity,Introduction
analogous to the waves in the retina of developing ani-
mals (Wong, 1999), are unlikely to contribute to sortingVertebrates can smell numerous chemical compounds.
large populations (z1000) of spatially dispersed OSNs
Odorant reception initiates when odorous molecules in-
onto z1800 distinct glomeruli in the bulb, if such sponta-
teract with odorant receptors (ORs) on the surface of
neous activity patterns exist at all in the olfactory epi-
olfactory sensory neurons (OSNs) (Shepherd, 1994; thelium.
Buck, 1996). The major pathway of olfactory transduc- Does odorant-evoked neuronal activity support glo-
tion in vertebrates is composed of (1) the OR (Buck and merular convergence? A test of this hypothesis is to
Axel, 1991); (2) a G-protein comprising the Golf subunit examine the morphology of the peripheral sensory pro-
(Jones and Reed, 1989); (3) adenylyl cyclase type III jections in the absence of odorant-evoked activity in
(Bakalyar and Reed, 1990) generating cAMP; and (4) a OSNs. Other groups have reported (Brunet et al., 1996;
heterooligomeric cyclic nucleotide±gated channel (Na- Parent et al., 1998) that a knockout mutation of OCNC1
kamura and Gold, 1987) that includes the OCNC1 sub- results in mice that are unable to smell, or ªanosmic.º
unit, also known as the CNGa subunit (Dhallan et al., Their OSNs do not exhibit measurable electrophysiologi-
1990; reviewed in Zagotta and Siegelbaum, 1996; Zufall cal responses to a wide range of odorants tested, al-
et al., 1997; Wei et al., 1998). though they express all components of the transduction
The OR repertoire is encoded by the largest gene pathway including ORs (Brunet et al., 1996).
family in the mouse genome, comprising z1000 genes Here, we have independently generated a knockout
(Buck and Axel, 1991; for reviews see Mombaerts, mutation in OCNC1 by gene targeting. We have exam-
1999a, 1999b). An individual OSN expresses one or a ined specific populations of OSNs by crossing OCNC1
few OR genes (Malnic et al., 1999). Cell bodies of OSNs mutant mice with mice in which OSNs that express a
expressing a given OR are segregated within one of four given OR gene can be visualized by virtue of coexpres-
zones of the olfactory epithelium (Ressler et al., 1993; sion of an axonal marker, which is either taulacZ or
Vassar et al., 1993), where they are interspersed with tauGFP. A dramatic impact is seen on OSNs expressing
OSNs expressing other ORs. Their axons project to con- the M72 OR, while OSNs expressing the P2 OR appear to
vergent sites in the olfactory bulb (Ressler et al., 1994; converge normally. We have crafted a novel paradigm,
Vassar et al., 1994). By targeted mutagenesis in mice, termed monoallelic deprivation, to compare within the
we have shown that all axons from OSNs expressing same bulb axonal projections of OCNC11 or OCNC12
the P2 OR gene converge onto a few glomeruli in each OSNs that express a specific OR: the axonal inputs
bulb (Mombaerts, 1996; Mombaerts et al., 1996a, segregate into distinct glomeruli. Our findings suggest
that the formation of the glomerular array in the olfactory
bulb is influenced in part by mechanisms that rely on* To whom correspondence should be addressed (e-mail: mombaer@
rockvax.rockefeller.edu). neuronal activity.
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Figure 1. Targeted Mutagenesis of the OCNC1
Gene
(A) Gene targeting strategy.
(a) OCNC1 targeting vector. The black rectan-
gles represent the exons of the OCNC1 gene.
The gray box (neo) represents the positive
selectable marker pgk-neo, flanked by loxP
sites (red triangles). The black bar on the left
represents the 59 internal probe used to de-
tect homologous recombination by Southern
blot hybridization. The relevant restriction
sites are indicated as H (HindIII) and B
(BamHI).
(b) Wild-type OCNC1 locus.
(c) OCNC1 locus after homologous recombi-
nation.
(B) Calcium imaging. Representative traces
of recordings from OCNC12 and OCNC11
OSNs that express GFP. Mice are between
20 and 30 days old. The control depolarizing
stimuli (KCl) are 2 s applications of 100 mM
KCl; note that the recovery of the KCl re-
sponse is slower in OCNC12 cells. The test
stimuli (F) are 10 and 50 mM forskolin. Cells
from OCNC12 mice respond to KCl but not
to forskolin (top), while cells from OCNC11
mice respond to forskolin in a dose-depen-
dent manner (bottom). The relative amplitude
of the KCl and forskolin responses varied
considerably from cell to cell; this may result
from variations in cell morphology (such as
number of cilia and dendritic length) or differ-
ences in efficacy of the cAMP pathway
among cells following dissociation.
Results gated channel function was assayed by stimulating neu-
rons with the adenylyl cyclase activator forskolin. Of 14
KCl responsive neurons, 13 responded to forskolin inTargeted Mutagenesis of the OCNC1 Gene
We have independently generated a targeted mutation a dose-dependent manner. By contrast, of four viable
neurons from OCNC12 mice and four viable neuronsin the OCNC1 gene, which is located on the X chromo-
some. We created a deletion that removes the coding from OCNC12, OMP-GFP heterozygous mice, none re-
sponded to forskolin. The proportions of forskolin-sequence corresponding to amino acids 178±678 (Fig-
ure 1A) and generated OCNC12 mice. responsive cells differed significantly between OCNC11
and OCNC12 mice (Fisher's exact test, p , 0.01).Odorant reception in OSNs results in production of
cAMP by adenylyl cyclase in olfactory cilia and a subse- OCNC12 OSNs also exhibited a much slower recovery
time of the KCl-induced calcium transient. The reasonquent increase in the dendritic and somatic calcium
concentration through cyclic nucleotide±gated chan- for this increase is unclear but suggests a change in
normal calcium dynamics in OCNC12 OSNs.nels (Leinders-Zufall et al., 1997). This calcium influx is
critical in odorant transduction by activating a depolariz- These results indicate that our targeted mutation in
the OCNC1 gene interrupts the cAMP-mediated olfac-ing chloride conductance. Blockade of cyclic nucleo-
tide±gated channels abolishes odorant-induced cal- tory transduction pathway.
cium responses in dissociated OSNs (reviewed in Schild
and Restrepo, 1998). Therefore, to confirm that our tar- Axons of M72-Expressing OSNs Do Not Converge
Normally in OCNC12 Micegeted OCNC1 mutation abolishes cyclic nucleotide±
gated channel function, we performed calcium imaging The M72 OR gene is located on mouse chromosome 9
and is expressed in OSNs of zone 4 (data not shown).experiments on individual OSNs loaded with the cal-
cium-sensitive dye fura-2 (Figure 1B). We generated a targeted M72-IRES-taulacZ mutation
(M72-lacZ) (Figure 2A), according to the same designAs a positive control, we tested OCNC11 OSNs iso-
lated from OMP-GFP heterozygous mice, in which all as the P2-lacZ mutation (Mombaerts et al., 1996a). In
M72-lacZ heterozygous or homozygous mutant mice,mature OSNs express the fluorescent marker GFP (C. Z.
et al., unpublished data). GFP expression was used to labeled axons typically project to either of a pair of
glomeruli residing in the dorsal aspect of the olfactoryfacilitate the identification of mature OSNs with intact
olfactory cilia. Cell viability was first assessed by depo- bulb (Figure 2B). The positions of the labeled glomeruli
are bilaterally symmetric, between the left and rightlarizing OSNs with KCl, a treatment that results in cal-
cium influx through voltage-gated calcium channels in bulbs and also between the medial and lateral hemi-
spheres of each bulb. Occasionally, additional labeledthe cell soma (Schild et al., 1994). Cyclic nucleotide±
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Figure 2. Targeted Mutagenesis of the M72
OR Gene
(A) Gene targeting strategy.
(a) Wild-type M72 locus. The blue box (M72)
represents the coding sequence. The black
bar on the left represents the 59 external
probe used to detect homologous recombi-
nation by Southern blot hybridization.
(b) M72-IRES-taulacZ-LTNL targeting vector.
The navy blue box represents the coding se-
quence of the taulacZ fusion protein. The
white box (i) represents the IRES sequence.
The gray box (tk-neo) represents the negative
selectable marker HSV-tk, followed by the
positive selectable marker pgk-neo, flanked
by loxP sites (red triangles). The relevant re-
striction sites are indicated as RV (EcoRV), H
(HindIII), and N (NdeI).
(c) M72 locus after homologous recombi-
nation.
(d) Targeted M72 locus after Cre recombi-
nation.
(B) Dorsal whole-mount view of both olfactory
bulbs of a M72-lacZ homozygous mutant
mouse, stained with X-gal. Each bulb con-
tains two labeled glomeruli, one on the medial
and one on the lateral side. The medial glo-
meruli are not clearly delineated because
their deeper location results in weaker stain-
ing and because they are slightly out of focus.
Orientation: A, anterior; P, posterior; L, lateral;
M, medial.
glomeruli, which are located in the immediate vicinity M72 glomeruli in OCNC12 mice are located more ven-
trally and are within 300 mm of each other (Figure 3C).and are smaller in size, are observed.
OCNC1 deficiency affects markedly the axonal projec- They are identifiable from postnatal day 7 (Figures 4A
and 4B).tions of M72-expressing OSNs (Figures 3 and 4A±4D;
Tables 1 and 2). By whole-mount analysis (Table 1) and
in serial sections (Table 2), a mean of 2.0±2.5 labeled Axons of P2-Expressing OSNs Converge Normally
in OCNC12 Miceglomeruli (range 2±4) can be discerned per bulb in
OCNC11 mice (n 5 50 bulbs); in sections, the mean We have demonstrated previously the principle of glo-
merular convergence by targeted mutagenesis of a ran-length is 72 mm (range 42±120 mm). By contrast, a mean
of 4.1±5.8 glomeruli (range 2±9) per bulb is found in domly chosen OR, the P2 gene (Mombaerts et al.,
1996a). The convergence of labeled axons is apparentlyOCNC12 mice of the same litters (n 5 67 bulbs), with
a mean length of 41 mm (range 14±98 mm). The additional unperturbed in the OCNC12 background (Figures 4E
Figure 3. Axons of M72-Expressing OSNs Do
Not Converge Normally in OCNC12 Mice
Whole-mount view of the medial side of the
left olfactory bulb of M72-lacZ heterozygous
mice, stained with X-gal. Orientation: A, ante-
rior; P, posterior; V, ventral; D, dorsal. 2/0,
OCNC1 hemizygous male; 1/0, OCNC1 wild-
type male. Scale bar, 80 mm.
(A) One-year-old OCNC12 mouse. Blue ax-
ons converge onto a few sites in the dorsal-
posterior aspect of the bulb. Several minor
glomeruli surround a single major glomerulus.
(B) Thirty-day-old OCNC12 mouse. The mi-
nor glomeruli are variable in number, size, and
position.
(C) Ten-day-old OCNC12 mouse. The minor
glomeruli are detectable after the first postna-
tal week.
(D) Ten-day-old OCNC11 mouse. M72-
expressing axons typically converge onto a
single glomerulus.
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Table 2. Number of OR-Specific Glomeruli per Bulb, AnalyzedTable 1. Number of OR-Specific Glomeruli per Bulb in Whole-
Mount Analysis in Serial Sections
M72-IRES-taulacZ X OCNC1 M72-IRES-taulacZ X OCNC1
Age (n) Glomeruli/Bulb (Min±Max) Age (n) Glomeruli/Bulb (Min±Max)
OCNC11 P10 (10) 2.5 (2±3) OCNC11 P7±P10 (10) 2.0 (2±2)
P18 (6) 2.0 (2±2)P30 (10) 2.3 (2±4)
P60 (14) 2.2 (2±3)
OCNC12 P7±P10 (14) 4.3 (4±5)
P18 (17) 4.1 (3±5)OCNC12 P10 (14) 5.8 (4±8)
P30 (12) 4.3 (4±5)
P2-IRES-taulacZ X OCNC1P60 (10) 4.6 (2±9)
Age (n) Glomeruli/Bulb (Min±Max)P2-IRES-taulacZ X OCNC1
OCNC11 P18 (4) 3.0 (2±4)Age (n) Glomeruli/Bulb (Min±Max)
OCNC12 P18 (6) 2.8 (2±4)OCNC11 P10 (4) 2.0 (2±2)
P30 (14) 2.2 (2±3) n 5 57 bulbs from 34 mice.
OCNC12 P10 (6) 2.5 (2±3)
P30 (6) 2.3 (2±3)
n 5 100 bulbs from 50 mice. in heterologous cells to allow for coexpression of
tauGFP and OCNC1 (see Experimental Procedures).
When the tricistronic allele is chosen for expression,
and 4F; Tables 1 and 2). The number of P2 glomeruli both tauGFP and OCNC1 are cotranslated with M72.
per bulb is comparable in OCNC12 mice (n 5 22 bulbs) Green-fluorescent axons project to one of two glomeruli
to OCNC11 mice (n 5 18 bulbs), examined as whole- residing in the dorsal aspect of the bulb (Figure 7A). But
mounts (Table 1) or by serial sectioning (Table 2). The it can be argued that these glomeruli may be different
length of the glomeruli, as measured in serial sections from the M72 glomeruli as a result of a potential overex-
is also comparable: respectively 56 mm (range 20±98 pression of OCNC1; at high expression levels OCNC1
mm) and 53 mm (range 28±84 mm). forms homomeric channels, which are less sensitive to
A trivial explanation for the differential impact of the adapting effects of calcium (Zagotta and Siegel-
OCNC1 deficiency on P2- and M72-expressing OSNs is baum, 1996) and may result in hyperactive OSNs. To rule
that the OCNC1 gene is not transcribed in P2-expressing out this possibility, we performed an important control
OSNs. We isolated single green-fluorescent cells of P2-
experiment. We crossed M72-GFP-CH homozygous
IRES-tauGFP or M72-IRES-tauGFP mutant mice (C. Z.
mutant mice with M72-lacZ homozygous mutant mice in
et al., unpublished data) and subjected them to RT±PCR
an OCNC11 background. The two differentially labeled
with primers specific for OCNC1. We found that OCNC1
populations of M72-expressing OSNs can be visualized
mRNAs are present both in P2- and M72-expressing
by double-fluorescence imaging (Rodriguez et al., 1999).
OSNs (Figure 5).
In these compound heterozygotes (n 5 15 bulbs, Table
3), tauGFP- and taulacZ-expressing axons coconvergeRescue of OCNC1 Function
to the same glomeruli (Figures 7B and 7C). Within theseActivity-dependent phenomena have been unveiled
glomeruli, axons of either color intermingle (Figure 7B);most dramatically in the visual system by differential
in z20% of cases, they occupy distinct compartmentslesions, for instance by experimentally causing competi-
of the same glomerulus (Figure 7C). Thus, the tricistroniction between populations of neurons that can or cannot
mutation does not alter the axonal projections in a majorbe driven by visual stimuli. In the monocular deprivation
way.paradigm, blinding one eye of an animal during the criti-
To establish the monoallelic deprivation paradigm,cal period results in a pronounced disruption of the
we crossed these compound heterozygotes onto theocular dominance columns in the primary visual cortex
OCNC12 background. Because the OCNC1 gene is lo-(Wiesel, 1982).
cated on the X chromosome, we could generate tripleWe have crafted a suitably altered genetic paradigm
mutant male mice in a single breeding step (Figure 6B):seeking to achieve in vivo competition between OSNs
M72-GFP-CH heterozygous, M72-lacZ heterozygous,expressing the same OR gene. We term this paradigm
and OCNC1 hemizygous. The green-fluorescent andªmonoallelic deprivation.º We engineered the mouse ge-
red-fluorescent fibers segregate invariably (n 5 16nome such that two populations of M72-expressing
bulbs; Table 3) into distinct glomeruli, with no intermin-OSNs coexist, with normal or no OCNC1 function. To
gling (Figures 7F and 7G). In another control, such segre-create this competitive situation, we first exploited the
gation is not seen in OCNC12, M72-lacZ/M72-IRES-phenomenon of monoallelic expression in OR genes: in
tauGFP compound heterozygotes (data not shown).a given OSN, an OR gene is expressed either from the
We developed a refinement of the design by also ex-paternal or maternal allele (Chess et al., 1994). We con-
ploiting the phenomenon of X chromosome inactivation.firmed that the M72 OR gene is also subject to monoal-
We can expect OCNC11 and OCNC12 populations tolelic expression (data not shown).
coexist mosaically in heterozygous females. Therefore,Extending our bicistronic strategy to a tricistronic de-
we extended our analysis to triple mutant females: M72-sign, we generated mice with a targeted M72-IRES-
GFP-CH heterozygous, M72-lacZ heterozygous, andtauGFP-IRES-OCNC1 mutation (abbreviated M72-GFP-
CH) (Figure 6A). The double-IRES cassette was shown OCNC1 heterozygous. Because monoallelic expression
Olfactory Development in Anosmic Mice
85
Figure 4. Differential Impact of OCNC1 Defi-
ciency on M72- or P2-Expressing OSNs
Coronal sections through the olfactory bulb
were stained with X-gal and counterstained
with the nuclear dye violet red. Mice are het-
erozygous for either the M72-lacZ or P2-lacZ
mutations. 2/0, OCNC1 hemizygous male;
1/0, OCNC1 wild-type male. Scale bar, 14 mm.
(A) Seven-day-old OCNC12, M72-lacZ
mouse. Extra minor glomeruli are invariably
observed in OCNC12 mice as early as post-
natal day 7.
(B) Seven-day-old OCNC12, M72-lacZ
mouse. Aberrant M72-expressing axons are
often observed to enter inappropriate glo-
meruli or to continue to grow past the glomer-
ular layer into the deeper layers of the bulb.
(C) Seven-day-old OCNC11, M72-lacZ
mouse.
(D) Eighteen day-old OCNC12, M72-lacZ
mouse. The major and minor glomeruli are
visible on the same section.
(E) Seven-day-old OCNC2, P2-lacZ mouse.
P2-expressing OSNs project axons normally.
(F) Seven-day-old OCNC1, P2-lacZ mouse.
of M72 and X chromosome inactivation are most likely A Genetic Approach to Connectivity
independent processes, there are now three popula- in the Olfactory System
tions of M72-expressing OSNs present in these females: The olfactory system has not been scrutinized for the
green-fluorescent/OCNC11, red-fluorescent/OCNC11, differential contributions of activity-dependent and ac-
and red-fluorescent/OCNC12. We predict that the tivity-independent mechanisms to the same extent as
OCNC11 glomeruli receive input from both green- the visual system. A main obstacle has been the lack
fluorescent and red-fluorescent axons and that the of specialized tools. Unlike in the visual, auditory, and
OCNC12 glomeruli are exclusively innervated by red- somatosensory systems, the arrangement of the periph-
fluorescent axons. This is indeed the case (n 5 10 bulbs, eral olfactory projections does not maintain strict neigh-
Table 3): there are no glomeruli that are exclusively green bor relationships between source and target. Instead,
fluorescent (Figures 7D and 7E). The average number cell bodies of OSNs that are widely dispersed through-
of labeled glomeruli in the OCNC12/0 and OCNC11/2 out a zone in the olfactory epithelium are connected in
mice is 4.2 within the monoallelic deprivation paradigm a convergent manner to specific sites (glomeruli) in the
(Table 3): this is comparable to the number seen in olfactory bulb. The spatial coordinates of OSNs within
OCNC12 mice (Tables 1 and 2). the sensory sheet do not correlate with their physiologi-
Thus, M72-expressing OSNs project their axons in a cal properties, perhaps reflecting the fact that the fea-
mutually exclusive manner to separate glomeruli, de- tures of odorant stimuli are not inherently spatial. Surgi-
pending on whether they are OCNC11 or OCNC12. cal lesions aimed at removing particular functional
classes of OSNs are therefore difficult.
Discussion We believe that a fruitful approach to this issue is to
utilize targeted mutagenesis in the mouse. The genetic
This study joins the list of morphological phenotypes strategy that we have developed enables us to visualize
reported in two other strains of OCNC12 mice (Brunet specifically one of the z1000 populations of OSNs in
et al., 1996; Baker et al., 1999). each mouse strain. These mice can be crossed with
other mutant mice to identify the genes and mechanisms
that underly axonal convergence to glomeruli.
The OCNC1 Targeted Mutation Affects Axonal
Projections Differentially
The pertubations caused by blocking stimulus-evoked
neural activity a priori can also be expected to result in
qualitatively different effects in the olfactory system.
Such manipulations may produce alterations in the num-
ber, size, shape, and positions of glomeruli. A dramaticFigure 5. Presence of OCNC1 mRNA in Single OSNs Expressing P2
impact is observed on OSNs that express M72. Theor M72
number of glomeruli to which their axons converge isThe cDNA from a cell-sorted pool of OSNs was used as a positive
control. The image was composed from different gels. increased by a factor of two to three. In addition to a
Neuron
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Figure 6. Monoallelic Deprivation Paradigm
(A) Gene targeting strategy.
(a) Wild-type M72 locus. The blue box (M72)
represents the coding sequence. The black
bar on the left represents the 59 external
probe used to detect homologous recombi-
nation by Southern blot hybridization.
(b) M72-IRES-tauGFP-IRES-OCNC1-LNL tar-
geting vector. The white box (i) represents
the IRES sequence. The green box represents
the coding sequence of tauGFP fusion pro-
tein. The black box (OCNC1) represents the
coding sequence of the OCNC1 gene. The gray
box (neo) represents the positive-selectable
marker pgk-neo flanked by loxP sites (red
triangles). The relevant restriction sites are
indicated as RV (EcoRV), H (HindIII), and N
(NdeI).
(c) M72 locus after homologous recombi-
nation.
(d) Targeted M72 locus after Cre recombi-
nation.
(B) Diagram of the triple mutant cross. Various
populations of M72-expressing OSNs are dis-
tinguishable in males and females. The geno-
types of mice with images shown in Figure 7
are indicated in pink.
major glomerulus located at approximately the correct velopment of the P2 glomeruli (Mombaerts et al., 1996a;
Belluscio et al., 1998; Bulfone et al., 1998; Wang et al.,position in the bulb, multiple ectopic, minor glomeruli
are discernable in its vicinity. P2-expressing OSNs ap- 1998). It also remains to be shown that the OCNC1 sub-
unit is necessary in every mature OSN for olfactory trans-pear, on initial approximation, not to be dependent on
OCNC1 function, although more subtle alterations may duction. An explanation for the apparent OCNC1 inde-
pendence of P2 glomeruli, which can be tested in theemerge from high-resolution imaging studies. For in-
stance, axons of P2-expressing OSNs may coconverge near future, is that P2-expressing OSNs can rely on the
alternative, IP3-mediated pathway of olfactory signalwith axons of OSNs that express other ORs.
We note that the minor, ectopic glomeruli may only transduction, the role of which remains unresolved
(Gold, 1999).be detectable by techniques that afford single-cell reso-
lution such as our genetic design. In situ hybridization Our findings indicate that more caution is needed
when extrapolating conclusions from a limited charac-techniques, which led to the initial discovery of glomeru-
lar convergence (Ressler et al., 1994; Vassar et al., 1994), terization of the vertebrate olfactory system. Its numeri-
cal complexity explains why initial studies have focusedmay provide insufficient resolution and underestimate
these morphological aberrations. On the other hand, a on a small number of ORs for logistical reasons. But
there is no reason to assume that any one of thesecaveat of our studies is that we have not compared the
glomeruli innervated by axons from OSNs expressing randomly chosen ORs is prototypical for the entire fam-
ily. This assumption was made in two recent studiesthe wild-type M72 OR gene versus the targeted M72-
IRES-taulacZ allele using an in situ hybridization tech- that, based on the analysis of the axonal projections of
OSNs expressing P2, question a major involvement ofnique.
Our genetic approach has revealed previously that activity-dependent processes in shaping the olfactory
sensory projection.one determinant of glomerular convergence is the OR
itself. Replacement of the P2 coding region with that of In the first study, P2-lacZ mutant mice were crossed
with mice carrying a knockout mutation in the Golf geneany of several ORs results in convergence of axons to
distinct glomeruli, indicating that the OR is intimately (Belluscio et al., 1998). The Golf subunit is a critical com-
ponent of olfactory transduction (Jones and Reed,involved in axon guidance (Mombaerts et al., 1996a;
Wang et al., 1998). It will be interesting to determine if 1989). The P2 glomeruli were reported to form normally
in Golf mutant mice. However, significant odorant-evokedthe redirection of these axons is affected by the absence
of OCNC1 function, depending on the choice of the OR electrical activity is present in OSNs of newborn Golf-
deficient mice, presumably because Gsa is compensat-substituting for the P2 coding region.
ing; this is relevant because P2 glomeruli form in the
early postnatal period. In the second study, the P2 glo-Heterogeneity in the Olfactory System
The olfactory system is frequently thought of as com- meruli also form normally in Tbr-1 mutant mice lacking
bulbar projection neurons and in Dlx-1/Dlx-2 mutantposed of z1000 equivalent populations of OSNs, each
expressing a different OR. The genetic experimentation mice lacking bulbar interneurons (Bulfone et al., 1998).
Thus, neither cell type is essential for P2 glomerularhas thus far been restricted to a single, randomly chosen
OR gene, P2, yet the development of the peripheral convergence, although these neurons are synaptic part-
ners of OSN axons within glomeruli.olfactory projections has often been reduced to the de-
Olfactory Development in Anosmic Mice
87
Figure 7. Segregation of Axonal Input of OCNC12 and OCNC11 OSNs Expressing M72
Coronal sections through the olfactory bulb (B±G) were stained with antibodies against b-galactosidase followed by rhodamine-conjugated
secondary antibodies (red fluorescence). GFP expression can be visualized directly by its intrinsic green fluorescence. Counterstaining is with the
nuclear dye DAPI (blue fluorescence). Green-fluorescent axons are from OSNs expressing the M72-GFP-CH allele. Red fluorescence represents
axons from OSNs expressing the M72-lacZ allele. Mice are 15±20 days old. Scale bar in (A) is 80 mm and 17.5 mm in the other panels.
(A) M72-GFP-CH homozygous mouse. Dorsal view of whole-mount. Each olfactory bulb contains two green-fluorescent glomeruli. Orientation:
A, anterior; P, posterior; L, lateral; M, medial.
(B) OCNC11 male mouse. The green- and red-fluorescent axons coconverge to the same glomerulus, where they intermingle diffusely.
(C) OCNC11 male mouse. In 20% of glomeruli, the green- and red-fluorescent axons occupy separate compartments within the same
glomerulus.
(D) OCNC11/2 female mouse. Green-fluorescent (OCNC11) and red-fluorescent (presumably OCNC11) axons coconverge to the same
glomerulus (bottom right), while a subset of red-fluorescent (OCNC12) axons projects to a separate and smaller glomerulus (top left).
(E) OCNC11/2 female mouse. Glomeruli are either innervated by axons that are green fluorescent or red fluorescent (E-1) or exclusively red
fluorescent (E-2).
(F) OCNC12 hemizygous male mouse. Glomeruli are either green fluorescent (F-1) or red fluorescent (F-2) but not both.
(G) OCNC12 hemizygous male mouse. Glomeruli of both colors are in the same coronal section, whereas in (F) they are in different sections:
the relative positions vary.
Modes of Action of OCNC1 similar response properties, the lack of correlated pat-
terns of odorant-evoked activity would then perturb theOCNC1 deficiency may produce the observed results by
any of a number of mechanisms, which are not mutually formation of normal synaptic connections, i.e., glomeru-
lar structures. The peripheral olfactory projection wouldexclusive. The models vary as to whether the effects
are odorant evoked or not and whether the OCNC1- thus obey the classical concept ªneurons wire together
if they fire together.º However, expression of OCNC1dependent mechanisms operate at the level of the den-
drites or axons. is not necessarily indicative of neuronal activity unless
odorous ligands are available. A weakness of this modelIf the effects are odorant evoked, an intuitive model
is based on the critical function of OCNC1 in olfactory is that appropriate stimuli for each OR must be present
in the environment when its glomeruli are formed. Spe-transduction, which occurs in the dendrites of OSNs.
Odorant responsiveness has been demonstrated at cifically, we do not know if M72-expressing OSNs are
odorant responsive early postnatally.early embryonic stages in rat (Gesteland et al., 1982).
Assuming that OSNs expressing the same OR gene have If the effects are not odorant evoked, OCNC1 may
Table 3. Colocalization of GFP and lacZ in M72-Specific Glomeruli of P14-P18 Mice
M72-GFP-CH X M72-lacZ
GFP1/lacZ1 GFP1/lacZ2 GFP2/lacZ1
OCNC11/0 (n 5 15 bulbs) 2.0 (2±2) 0 0
OCNC12/0 (n 5 16 bulbs) 0 2.0 (2±2) 2.2 (2±3)
OCNC11/2 (n 5 10 bulbs) 2.0 (2±2) 0 2.2 (2±3)
n 5 41 bulbs from 21 mice.
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have a permissive function for axon guidance at the restricted area of the bulb are not dependent on OCNC1.
These notions would be in accordance with the tradi-level of the dendrite. It may be that activity per se mat-
ters, instead of correlated patterns of spontaneous ac- tional view of activity-independent mechanisms gener-
ating a coarse pattern of connections, which is subse-tivity. The transduction pathway may be active at low
levels throughout development. ORs may possess con- quently refined and remodeled by activity-dependent
mechanisms.stitutive activity, with some ORs being more active than
others, accounting for the range of the effects seen in
OCNC12 mutant mice. Alternatively, general stimulators Does the OCNC1 Mutation Block All
of cyclic nucleotide±gated channels such as nitric oxide Odorant-Evoked Activity?
(Wei et al., 1998) may substitute for external odorous An important unknown factor in our studies is the extent
stimuli and support basal levels of channel activity dur- to which the targeted mutation in the OCNC1 gene
ing development. In the absence of OCNC1, calcium blocks odorant-evoked signals within OSNs. The elec-
dynamics within the OSN may be changed such that its troolfactogram, a global assay of epithelial respon-
axon cannot respond properly to guidance cues. How- siveness, is flat in OCNC12 mice (Brunet et al., 1996)
ever, because P2 glomeruli are apparently unaffected, as well as in our strain (H. Zhao, S. Firestein, and R.
this permissive function would not pertain to all classes Araneda, unpublished data). We have not detected for-
of OSNs. skolin-induced calcium responses in mature OSNs of
In another nonodorant-evoked model, OCNC1 fulfills OCNC12 mice (Figure 1B), but both the electroolfacto-
a distinct axonal role, mediating axonal pathfinding and/ gram and the calcium imaging assay are unlikely to
or modulating synaptic neurotransmission. The OCNC1 detect inhibitory responses. Studies with OCNC12 mice
protein is immunohistochemically detectable along OSN (Brunet et al., 1996) have revealed that hyperpolarizing
axons in embryos (Matsuzaki et al., 1999). In an extreme currents can be elicited in a subset of OSNs by certain
view, OCNC1-mediated axonal signaling may occur odorants (Delay and Restrepo, 1999). Because OSNs of
through the OR protein in the axons. It is not clear if all OCNC12 mice exhibit a normal rate of spontaneous
components of the olfactory transduction pathway are action potential generation (Brunet et al., 1996), these
recapitulated at the level of OSN axons: Golf is also ex- hyperpolarizing, odorant-evoked currents may reduce
pressed in axons (Belluscio et al., 1998) but adenylyl the spiking rate, resulting in an effect that can also be
cyclase III is not (Bakalyar and Reed, 1990; Matsuzaki regarded as ªodorant-evoked activity.º
et al., 1999), and there are no data on OR protein expres- When odorous ligands are identified for the four ORs
sion. An informative parallel may be the axon outgrowth that are the subject of this study, it will be possible to
defects observed in Caenorhabditis elegans mutant for determine whether calcium responses or any electrical
tax-2 or tax-4, which are homologs of cyclic nucleotide± activity can be detected in single OCNC12 OSNs that
gated channel subunits (Coburn and Bargmann, 1996; express these ORs. Additionally, it will be important to
Komatsu et al., 1996). A tax-2::GFP fusion protein is confirm that such responses can be recorded in imma-
expressed in some olfactory sensory axons, and tax-2 ture OSNs at a time when glomeruli are being formed;
deficiency results in more extensive axons, suggesting these data are important to distinguish between a role
that this channel inhibits or limits axon outgrowth in of OCNC1 in the establishment versus the maintenance
regions that are not appropriate. Another example of of the olfactory sensory projection.
the involvement of the cAMP pathway in axon guidance
is that cytosolic levels of cAMP determine the turning Monocular and Monoallelic Deprivation
behavior of growth cones of embryonic Xenopus laevis During development of sensory systems, the most dra-
spinal neurons to netrin-1 (Ming et al., 1997). matic effects are seen when the activity of one neuronal
population is favored over another one. Shutting one
eye during the critical period induces major distortionsDevelopmental Consequences of OCNC1 Deficiency
Our developmental studies of M72 glomeruli indicate in the architecture of the primary visual cortex (Wiesel,
1982). Conceptually equivalent to the monocular depri-that axons of M72-expressing OSNs initially occupy a
proportionally large surface area of the bulb. A single vation experiments is the paradigm of monoallelic depri-
vation that we describe here. It is based on two specialprotoglomerulus emerges suddenly and reproducibly on
postnatal day 3 (C. Z. et al., unpublished data). Absence mechanisms of gene regulation: monoallelic expression
of OR genes and monoallelic expression of X-linkedof OCNC1 function may interfere with the coalescence
of the axonal terminations into a single glomerulus. In- genes due to X chromosome inactivation. In these com-
petitive situations, the axonal input segregates into dis-stead, additional, smaller glomeruli may form within the
broad territory occupied initially by the axons. Our pre- tinct glomeruli within an individual, with no intermingling
of axons. This result indicates that the effects of OCNC1diction is that in the monoallelic deprivation paradigm,
the differentially labeled axonal populations in the triple are cell autonomous. The prediction that glomerular ac-
tivity is differentially affected in the segregated glomerulimutant mice would intermingle diffusely within this terri-
tory at early stages. The precise timing of the formation can be tested, once odorous ligands for M72 are identi-
fied, by intrinsic signal imaging in the bulb (Rubin andof OR-specific glomeruli in the perinatal period may ex-
plain the differential impact of the OCNC1 mutation. Katz, 1999).
An advantage of this experimental design is that inImportantly, OCNC12 axons converge mostly to glo-
meruli instead of projecting diffusely, and these glomer- the triple mutant male mice, OCNC12 OSNs that ex-
press M72 only face competition from OCNC11 OSNsuli are located approximately in the appropriate area.
Thus, glomerulization per se and axonal pathfinding to a that express M72; OSNs that express other ORs are also
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Gene TargetingOCNC12. A complementary design would be to deprive
Electroporation and culture of E14 cells (Hooper et al., 1987) werea population of M72-expressing OSNs from OCNC1 in
carried out as in Mombaerts et al. (1996a). Genomic DNA from G418-the context of an otherwise normal olfactory system and
resistant ES clones was analyzed by Southern blot hybridization
a normal brain (many other neurons also express OCNC1 with probes external to the targeting vector. The neo-selectable
[Bradley et al., 1997]). To define an analogous ªcritical marker was removed in the M72-IRES-taulacZ-LTNL mutation by
Cre-mediated recombination in cell culture, using negative selectionperiodº or to distinguish between a function in the estab-
with ganciclovir to select against the tk-neo cassette (Mombaertslishment or maintenance of the projections, the design
et al., 1996a). In the M72-IRES-tauGFP-IRES-OCNC1-LNL mutation,should be inducible.
the neo-selectable marker was removed by Cre-mediated recombi-
nation in mice by crossing LNL heterozygous mice with Cre-trans-
genic mice (Lakso et al., 1996). For targeted mutations in the M72
Conclusion locus, analyses were performed with mice that lack the neo-
A prevailing view in the visual system is that neuronal selectable marker and did not have the Cre transgene. Mice are in
activity (stimulus evoked or spontaneous) is a domi- a mixed (129 x C57BL6/J) background. The names of the mouse
strains are CH95 (OCNC1), U43/Cre11 (M72-lacZ), and M72CH1nating force in the formation of neural circuits. However,
(M72-GFP-CH).a recent study has indicated that retinal activity may not
be required at all for the formation of ocular dominance
Calcium Imaging
maps (Crowley and Katz, 1999)Ðthe prototype for activ- Enzymatic dissocation of OSNs and ratiometric Ca21 imaging were
ity-dependent mechanisms. In the olfactory system, performed essentially as described in Bozza and Kauer (1998). OSNs
emphasis thus far has been largely centered on activity- were identified by their bright green fluorescence (OMP-GFP mice)
or the presence of a dendrite and intact cilia. Neurons were firstindependent mechanisms (Belluscio et al., 1998; Bul-
depolarized with 4 s bath applications of 100 mM KCl and subse-fone et al., 1998; Wang et al., 1998). It is now becoming
quently stimulated with 8 s applications of 10 and 50 mM forskolinclear that in each system the pendulum is swinging but
(Research Biochemicals International). Forskolin was prepared as
in opposite directions. a 50 mM stock in DMSO and diluted in Ringer solution. GFP and
fura-2 fluorescence were separated using appropriate filter sets.
Optical recordings were obtained using an inverted microscope
Experimental Procedures (Nikon Diaphot) and a cooled interline CCD camera (SensiCam,
Cooke); the light source was a 75 watt Xenon lamp attenuated
Targeted Mutagenesis of the OCNC1 Gene with neutral density filters. Dual-excitation calcium imaging was
A portion of the mouse OCNC1 coding region was used to screen performed using a standard fura-2 filter set (Omega Optical). Data
a 129/Sv mouse genomic phage library. The targeting vector con- were acquired every 2 s during stimulation and every 4 s between
sists of the positive selectable marker LNL (loxP-pgkneo-loxP), stimuli; the average pixel values over OSN cell bodies were calcu-
flanked by arms of 5.5 kb and 4.6 kb. Homologous recombination lated at 340 nm and 380 nm excitation and ratios obtained. Filter
results in the deletion of the last two coding exons. wheel control and image acquisition were performed using Meta-
OCNC1 hemizygous mutant male mice and homozygous mutant fluor 3.5 (Universal Imaging Corporation).
female mice do not thrive in the early postnatal period; they can be
recognized by the reduced milk content of their stomach. OCNC12 X-Gal Staining
mice frequently die within the first two postnatal days unless their For whole-mounts, tissue was fixed for 10 min on ice with 100 mM
normal littermates are removed, thereby reducing competition for phosphate buffer (pH 7.4), 4% paraformaldehyde, 2 mM MgSO4,
the mother's milk. OCNC12 mice can thus be bred to survive to and 5 mM EGTA, washed with buffer A (100 mM phosphate buffer
adulthood. Analyses were done with healthy looking OCNC12 mice. [pH 7.4], 2 mM Mg2Cl, and 5 mM EGTA) once for 5 min and once
for 25 min at room temperature, followed by two incubations of 5
min at room temperature in buffer B (100 mM phosphate buffer [pH
Targeted Mutagenesis of the M72 Gene 7.4], 2 mM Mg2Cl, 0.01% sodium deoxycholate, and 0.02% Nonidet
The M72 gene was identified by its homology to the mouse M71 P40). The blue precipitate was generated by exposure at 378C to
OR gene (Ressler et al., 1993). Screening of a 129/Sv phage library buffer C (buffer B with 5 mM potassium-ferricyanide, 5 mM potas-
yielded clones from which various restriction fragments were sub- sium-ferrocyanide, and 1 mg/ml of X-gal).
cloned. A PacI site was engineered three nucleotides downstream For sections, tissues were immersion fixed in 2% paraformalde-
of the stop codon of M72 by recombinant PCR. The IRES-taulacZ- hyde in PBS (pH 7.4) for 60 min on ice and frozen in Tissue-Tek
LTNL cassette (Mombaerts et al., 1996a) was inserted in this PacI (Miles). Fourteen micrometer sections were cut on a cryostat and
site to assemble the M72-IRES-taulacZ-LTNL targeting vector. stained with X-gal.
The full mouse OCNC1 coding region was isolated by PCR from
cDNAs of cell-sorted OSNs, subcloned into pBS-KS vector, and Single-Cell RT±PCR Analysis
sequenced. The 59 primer for OCNC1 is 59 GTC ATG CCA TGG GAA OSNs were dissociated from the olfactory epithelium of P2-IRES-
TGA CCG AAA AAT CCA ACG GT 39, and the 39 primer for OCNC1 tauGFP or M72-IRES-tauGFP mutant mice (C. Z. et al., unpublished
is 59 GCG GGA TCC TCT AGA TTA ATT AAT GGC TAT TCA GCA data). Synthesis and amplification of single-cell cDNA were per-
ACA GCT GG 39. The IRES of the encephalomyocarditis virus was formed according to Dulac and Axel (1995). Aliquots of amplified
inserted immediately upstream of the OCNC1 coding sequence. The single-cell cDNA were run on a 1.5% agarose gel, blotted on nylon
IRES-OCNC1 cassette was then subcloned into the XbaI site of a membrane, and hybridized with several DNA probes to determine
pBS/IRES-tauGFP-LNL plasmid, linearized by XbaI partial digestion. the representation of specific sequences in the amplified cDNAs.
Finally, the IRES-tauGFP-IRES-OCNC1-LNL cassette was inserted The probes included highly expressed genes (actin, tubulin, and
in the PacI site of the generic M72 targeting vector (described above) OMP) and a gene expressed at low level (Golf). cDNAs from informa-
to assemble the M72-IRES-tauGFP-IRES-OCNC1-LNL targeting tive cells were then tested for OCNC1 expression by PCR with
vector. OCNC1-specific primers spanning an intron (forward primer 59 AAT
To verify that the cloned OCNC1 gene and the IRES-tauGFP- CGG CGC ACT GCC AAT AT 39 and reverse primer 59 AAG GCT
IRES-OCNC1-LNL cassette were functional, the cassette was sub- GGA CAG GCA CCT A 39). PCR was performed as follows: 948C for
cloned into a CMV expression vector. HEK 293 cells were transfected 1 min, 608C for 1 min, and 728C for 2 min per cycle for 35 cycles.
and subjected to inside-out patch clamping analysis. Green-fluores-
cent cells exhibited expected physiological properties when stimu- Double-Color Immunofluorescence
lated by the membrane-permeable cyclic nucleotide 8-bromo-cGMP Tissues were fixed in 2% formaldehyde, 13.5 mg/ml lysine, 2.1 mg/
ml Na-periodate, and 0.1 M phosphate buffer (pH 7.4) on ice for 3at 1 mM.
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hr and then frozen in OCT. Sections (10 mm) were cut on a cryostat. Primary structure and functional expression of a cyclic nucleotide-
activated channel from olfactory neurons. Nature 347, 184±187.For b-galactosidase immunostaining, a rabbit IgG fraction (Cappel)
was used at a 1:100 dilution, followed by a rhodamine-conjugated Dulac, C., and Axel, R. (1995). A novel family of genes encoding
anti-rabbit IgG (ICN Pharmaceuticals) at 1:100 dilution. DAPI staining putative pheromone receptors in mammals. Cell 83, 195±206.
was performed after immunohistochemical reactions by immersing Gesteland, R.C., Yancey, R.A., and Farbman, A. (1982). Development
the slides for 30 s in 0.2 mg/ml DAPI (Sigma) in PBS and washing of olfactory receptor neuron selectivity in the rat fetus. Neuroscience
them for 1 min in PBS. 7, 3127±3136.
Gold, G.H. (1999). Controversial issues in vertebrate olfactory trans-Microscopy and Photography
duction. Annu. Rev. Physiol. 61, 857±871.Whole-mount specimens were examined with a Zeiss SV11 stereo-
Goodman, C.S., and Shatz, C.J. (1993). Developmental mechanismsmicroscope, sections with a Zeiss Axioplan 2 fluorescence micro-
that generate precise patterns of neuronal connectivity. Cell 72scope. Images were taken with a Canon EOS-DCS digital camera
Suppl., 77±98.and processed with Adobe Photoshop 5.0.
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GenBank Accession Numbers
The nucleotide sequence of the coding region of M72 and P2 has
been deposited in GenBank, with respective accession numbers
AF247656 and AF247657.
